The diversity and ecological role of protozoa in fresh waters by Finlay, B.J.
THE MICROBIOLOGICAL QUALITY OF WATER 
Edited by 
DAVID W. SUTCLIFFE 
Published by the Freshwater Biological Association 
Invited papers from a specialised conference held in London 
on 12-13 December 1995 
by the 
Freshwater Biological Association, 
The Ferry House, Far Sawrey, Ambleside, Cumbria LA22 OLP 
and 
International Water Supply Association, 
1 Queen Anne's Gate, London SW1H 9BT, UK 
© Freshwater Biological Association 1997 
ISBN 0-900386-57-6 
113 
The diversity and ecological role of protozoa in 
fresh waters 
B . J. FINLAY 
Institute of Freshwater Ecology, Windermere Laboratory, The Ferry House, Far Sawrey, 
Ambleside, Cumbria LA22 OLP, UK 
Protozoa feed on and regulate the abundance of most types of aquatic microorganisms, and they 
are an integral part of all aquatic microbial food webs. Being so small, aerobic protozoa thrive 
at low oxygen tensions, where they feed (largely unaffected by metazoan grazing) on the 
abundance of other microorganisms. In anaerobic environments, they are the only phagotrophic 
organisms, and they live in unique symbiotic consortia with methanogens, sulphate reducers 
and non-sulphur purple bacteria. The number of extant species of protozoa may be quite modest 
(the global number of ciliate species is estimated at 3000), and most of them probably have 
cosmopolitan distributions. This will undoubtedly make it easier to carry out further tasks, e.g. 
understanding the role of protozoan species diversity in the natural environment. 
Introduction 
Protozoa are microscopic, animal-like organisms. A great diversity of forms is known, they are 
often abundant in aquatic environments, and they carry out some rather important functions, e.g. 
consumption and control of bacteria and other microorganisms. Protozoa also have a long 
history of use as indicators of water quality. Kolkwitz & Marsson (1909) showed that protozoan 
communities could be useful when monitoring levels of organic pollution in fresh waters, 
Foissner (1987) demonstrated their use as indicators of soil condition, and the role of ciliates in 
ensuring high quality effluent from sewage treatment plants has been studied intensively (e.g. 
Curds 1973; Esteban et al. 1991). The spectacular protozoan abundance that develops wherever 
organic matter accumulates and decomposes is remarkably easy to show with the aid of a 
microscope. Protozoa also play an additional role: by grazing bacteria, they apparently maintain 
the "vigour" of bacterial populations, stimulating bacterial activity and enhancing the rate of 
decomposition (e.g. Fenchel & Harrison 1976). 
Much of the current interest in the role of protozoa hinges on their grazing activities in 
microbial food webs. A large proportion of aquatic photosynthetic production is due to small 
eukaryotic algae and cyanobacteria. Some of this production leaks out of cells as dissolved 
organic carbon and is used by heterotrophic bacteria. These are eaten by flagellated protozoa, 
which in turn are eaten by ciliates and other microzooplankters. Ciliates and flagellates also feed 
on the small phototrophs (algae) which are too small (2 to 10 μm) to be eaten efficiently by 
larger metazoans, e.g. copepods. The diet of planktonic metazoans may include ciliates, but the 
significance of this route for carbon transfer is debatable (see Pomeroy & Wiebe 1988). 
Excretion of nitrogen and phosphorus by the heterotrophs continuously replenishes the nutrient 
supply to the phototrophs, and the "loop" is completed. About half of the carbon fixed by 
photosynthesis in temperate and tropical waters is subsequently used by heterotrophs in the 
microbial food web. 
It is relatively easy to determine the natural abundance of protozoa and to measure some 
basic bioenergetic parameters in the laboratory, or (less commonly) in the field. The natural 
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progression is then to quantify the role of protozoa in carbon flow through aquatic ecosystems. 
It is possible to get a general impression of the role of protozoa but it requires more effort to 
learn something of the underlying detail - of the variety and number of interactions within 
microbial food webs, the patchiness in species distributions, structures in microbial 
communities, the complexity of life cycles, and the nature and significance of symbionts. These 
layers of detail will be understood only when more basic information about the natural history 
of protozoa is uncovered. In the past 15 years or so, we have seen how fundamental, new 
information, has shaped our impression of the role of protozoa in the natural environment. 
These discoveries would include: the widespread occurrence of functional chloroplasts in 
planktonic protozoa (Stoecker et al. 1987); the extraordinary commonness of zoochlorellae in 
freshwater ciliates (Finlay et al. 1988) and prokaryote symbionts (methanogens, sulphate 
reducers and non-sulphur purple photosynthetic bacteria) in anaerobic protozoa (Fenchel & 
Finlay 1995); the observation that heterotrophic flagellates (Fenchel 1982) and some small 
ciliates (Sherr et al. 1989) are ubiquitous and important grazers of planktonic bacteria; the 
derivation of size-specific clearance as a fundamental niche parameter for protozoa (Fenchel 
1986); and the discovery of new protozoan habitats (e.g. oceanic sinking detritus, Silver et al. 
1984; municipal landfill sites, Finlay & Fenchel 1991); the discovery of the great variety of 
free-living protozoa, with multiple evolutionary origins in aerobic protozoa (Embley et al. 
1995) living as the dominant consumers of other microorganisms in anaerobic environments 
(see Fenchel & Finlay 1995). 
The following is a short exploration of the diversity and ecological role of protozoa in the 
natural (mainly freshwater) aquatic environment. The story is selective, and the bias lies heavily 
on the ciliated protozoa (about which we know most), but much of what is said also applies to 
other protozoa, especially the heterotrophic flagellates. 
Some consequences of small size 
Participation in microbial food webs 
A key feature of protozoa is their small size. The maximum range is roughly 2 urn to 2 mm but 
most flagellates and amoebae are less than 20 urn and most ciliates are less than 200 urn. Small 
size has one very important consequence - in aerobic environments, even those with relatively 
low levels of dissolved oxygen in the surrounding water, diffusion alone will supply all of the 
oxygen they require for aerobic respiration. In the course of their evolution, protozoa have 
coupled this ready supply of oxidant with ingestion of relatively large amounts of carbon. They 
are efficient at gathering and removing bacteria and other small food particles from water (see 
Table 1) and they have high metabolic rates which quickly turn over this carbon, so protozoa 
have high growth rates, typically of the same order as that of the organisms on which they are 
feeding (e.g. a generation time of one day or less). 
The significance of filter-feeding by different sizes of protozoa is easily seen by calculating 
the volume-specific clearance; thus a small flagellate with a clearance of 0.005 μl h-1 and a cell 
volume of 50 μm3, clears particles from a volume of water equivalent to 105 times its own cell 
volume each hour. This information allows us to predict the type of environment in which the 
flagellate is likely to live. Taking typical values for the respiration rate of the flagellate (see 
Fenchel & Finlay 1983) we can then calculate its minimum carbon requirement, and as it feeds 
on bacteria, this translates into a minimum bacterial concentration of about 106 ml-1. Most fresh 
waters have bacterial concentrations of at least 106 ml-1, and indeed flagellates are always found 
in these waters. 
Taking the example of a small bacteria-feeding ciliate, e.g. Cyclidium, the required bacterial 
concentration is in excess of 107 ml-1, so it is no surprise when we find these ciliates at the 
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metalimnia of lakes and in the open water of very productive freshwater ponds (Finlay et al. 
1988; Berninger et al. 1991). The largest of the filter-feeding protozoa have filters with wider 
gaps, enabling them to sieve relatively large volumes of water for larger particles. These ciliates 
collect small algae and other organic particles larger than a few microns. Interestingly, this 
ability to sieve large volumes of water (note that the volume-specific clearance is the same as 
that for the flagellate; see Table 1) means that they can live on relatively dilute suspensions of 
particles. 
Table 1. Some typical parameters of filter-feeding in protozoa. 
Particle uptake (U) is the number of particles taken up by a protozoon per unit time; 
it varies with the particle concentration (x) and is expressed as U(x). 
Protozoa "clear" food particles from the water; 
the "clearance" (F) is a measure of the volume of water cleared of particles per unit time: F = U(x)/x. 
Uptake is nearly proportional to x at low particle concentrations, but at higher concentrations the 
rate of phagocytosis becomes limiting, and U(x) levels off. 
Clearance too decreases at high particle concentrations, but at low concentrations it is maximal; 
thus the slope to the graphical origin is the maximum clearance (Fm) for a specific size of food particle -
a measure of the protozoon's competitive ability (see Fenchel 1986). 
This knowledge of filter-feeding allows us to make general statements about the food niches 
of protozoa and hence about where and when they are likely to be most abundant. Heterotrophic 
flagellates have high specific clearances and they filter the smallest particles (bacteria); small 
ciliates have lower specific clearances and they need higher bacterial abundances to support 
growth, whereas larger ciliates have high specific clearances and filters adapted for the 
collection of nanoplankton (2 to 20 μm). We might also predict the existence of large bacteria-
feeding ciliates where bacterial concentrations are high enough, and indeed this is the case, with 
large filter-feeders such as Spirostomum being common in organically-polluted sites. 
Protozoa are probably capable of controlling microbial abundance in most aquatic habitats. 
As mentioned above, they are also important because they stimulate the rate of turnover in 
microbial food webs, especially through their excretions, which return nutrients to the algae and 
other autotrophs. This is illustrated in Figure 1, which shows a model ciliate and its role in 
recycling nitrogen. The ciliate is shown to ingest 100 units of carbon: 30% is lost through 
egestion or leakage, 30% is oxidized to provide the energy for assimilation and growth and 40% 
provides the raw material for new growth. Thus the growth efficiency (yield) is 40%. If the ratio 
of carbon to nitrogen is the same in the ciliate and in its food (e.g. C : N = 5) then the ingested 
food will contain 20 units of nitrogen, 6 units will be egested and 6 units will be excreted 
(carbon respired/(C : N)). Thus 60% of the ingested nitrogen will be egested or excreted. In a 
microbial food web with two or more phagotrophic levels (e.g. heterotrophic flagellates, then 
ciliates), at least 85% of the bacterial nitrogen (and phosphorus) will be returned to the 
environment. 
Figure 1. The flow of carbon (solid arrows) and nitrogen (open arrows) through an aerobic ciliated 
protozoon. A C : N ratio of 5 is assumed for both the ciliate and its food. 30% of ingested material leaks 
out or is egested, 40% is converted into new ciliate (i.e. yield = 40%) and 30% is oxidized to provide the 
energy needed to make new growth. Deamination of ingested proteins produces nitrogen which is 
excreted, usually as ammonia. (Adapted from Fenchel & Finlay 1991). 
The abundance of ciliates in the natural aquatic environment spans about seven orders of 
magnitude, from less than 102 to about 105 per ml (Fig. 2). The ranges indicated in this figure 
are of limited significance, as they are not always reported and they may be a product of 
unusual conditions. In some cases (e.g. those which span up to four orders of magnitude) the 
range reflects seasonal changes. 
Most ciliates feed on microalgae, cyanobacteria, or the bacteria that depend on dissolved 
organic carbon (DOC, from algal exudates or decaying plant material), so we can expect some 
positive correlation between ciliate abundance and primary productivity. Evidence for this 
correlation has been presented by Porter et al. (1985) and by Carlough & Meyer (1989) among 
others. Water samples with less than about 5 ciliates per ml (Fig. 2) are from relatively 
unproductive waters, including oligotrophic lakes and rivers where nutrient levels are low. The 
remaining data are from moderately productive waters, where ciliate abundance is within the 
range 5 to 100 per ml. The highest values, from 100 to 1000 or more per ml, are from the most 
productive sites such as the soft sediments of lakes, where organic matter collects and 
decomposes. High ciliate abundance is also found in stratified water columns. When the 
bottom water of a lake becomes anoxic, a zone of steep chemical gradients (e.g. O2) often 
develops in the water column. There, the upwards diffusion of nutrients (e.g. ammonium) from 
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Figure 2. The abundance of ciliated protozoa in natural aquatic (predominantly freshwater) environments, 
including benthos (B), compiled from the literature. Each vertical line represents a range of numbers 
from a specific habitat, obtained over various periods of time (e.g. seasonal). (Adapted from Finlay & 
Fenchel 1996). 
the sediment meets oxygen and light penetrating downwards from the atmosphere. These 
conditions promote intense autotrophic microbial production and thus abundant food for 
ciliates. Some of these ciliates have gone a step further, by establishing photosynthetic algae as 
endosymbiotic partners (see below). The resulting consortium is probably always mixotrophic 
(the ciliate continues to ingest other microorganisms) but sugars supplied by the symbiotic 
algae undoubtedly contribute to the very high densities of ciliates which can be achieved 
(occasionally >1000 ml-1). 
The clearest correlation between protozoan abundance and ecosystem productivity exists for 
the smallest (and globally the most abundant) protozoa - the heterotrophic flagellates. 
Abundances of flagellates and bacteria are clearly correlated when data from a wide range of 
aquatic habitat types are examined (Fig. 3). The lowest abundances relate to the least productive 
habitats (e.g. mountain streams) and the highest, to such productive habitats as the 
sediment-water interface. Numbers of bacteria are typically 100 to 1000 times greater than 
those of flagellates, implying a general predator-prey control of bacterial abundance. There is 
abundant evidence that flagellates are capable of growing at the same rate as their bacterial 
prey, and of clearing the entire water volume on a daily basis. So as primary productivity 
increases, the flux of photosynthate into the extracellular dissolved pool (DOC) increases, 
promoting growth of heterotrophic bacteria which in turn supports growth of their natural 
predators, the flagellates. But what controls flagellate abundance? The flagellates will also be 
eaten by larger protozoa (especially ciliates) and by other microzooplankters. Ciliates in 
particular are capable of clearing water of flagellate-sized particles almost on a daily basis, and 
their abundance is known to increase with overall productivity. So flagellate abundance is 
probably controlled by both the supply of bacteria and by grazing. In reality, the trophic 
relationships are probably very complex and characterised by numerous feedbacks, but it is 
undeniable that protozoan abundance is closely related to, and reflects, overall productivity in 
fresh waters. 
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Figure 3. Numbers of heterotrophic flagellates and picoplankton (mainly bacteria) recorded in water 
samples from 108 lakes, ponds, bogs and rivers worldwide. (Adapted from Berninger et al. 1991). 
There are very few physicochemical factors which interfere with this general relationship 
between primary productivity and protozoan abundance. One factor is high temperature; in 
common with all other eukaryotes, protozoa cannot live at temperatures higher than about 50°C. 
They also find it difficult to penetrate sediments which contain a high proportion of silt and 
clay. Abundance and diversity of ciliates may be reduced in acid waters (Beaver & Crisman 
1981) but this is not so for soda lakes and other highly alkaline waterbodies (Finlay et al. 
1987b). Diverse ciliates are completely adapted for life in the absence of dissolved oxygen (see 
below). 
Living with little oxygen 
The capacity of aerobic protozoa to live at very low oxygen tensions is a direct consequence of 
their small size. This in turn has two further consequences: it allows protozoa to live at the 
oxic-anoxic boundary and, as this is often a zone of intense microbial activity, the protozoa find 
themselves living in the same place where the food on which they depend is actively growing. 
Secondly, their microaerobic behaviour allows them to avoid competition and predation by 
metazoans, which for the most part are incapable of living for extended periods in oxygen-
deficient water. The data in Figure 4 illustrate this point. Aerobic respiration in the prawn 
Palaemon serratus is typical of medium-sized aquatic metazoans, and the level of dissolved O2 
required is 10 to 50% of the atmospheric saturation value. The ciliate, on the other hand, can 
maintain its (very considerable) maximum respiration rate down to about 4% atmospheric 
saturation. 
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The obvious selective advantages of being able to occupy a niche that is unavailable to 
metazoans means that a significant proportion of all protozoan species are microaerobic. Many 
benthic protozoa too are microaerobic, being generally restricted to the top centimetre of 
sediment (Finlay 1980); indeed there is no real interstitial ciliate fauna in freshwater sediments, 
which usually contain much silt and clay. When the surface of the sediment becomes seasonally 
anoxic, many of these benthic ciliates migrate into the overlying water. The oxic-anoxic 
boundary may move upwards several metres in the water column but the many microaerobic 
species that escaped from the (now anoxic) benthos seek out and remain aggregated at the 
oxic-anoxic boundary, tracking its vertical movement, often over a period of several months 
(Finlay 1981). Thus many "benthic" freshwater ciliates (e.g. the microaerobic Loxodes, 
Spirostomum and Frontonia) may remain planktonic for long periods. The rich variety of 
physiological adaptations that have evolved in protozoa and which allow them to remain 
microaerobic have been dealt with in some detail (e.g. Finlay & Fenchel 1986; Fenchel & 
Finlay 1995). 
The life styles of many microaerobic protozoa have been enriched by the acquisition of 
symbionts - and it is no accident that this phenomenon should be as common as it is in these 
protozoa. The opposing gradients of light and O2 on the one hand, and upwards diffusion of 
NH4, H2S and CO2 on the other, produce a zone around the oxic-anoxic boundary where a 
variety of autotrophic microorganisms (e.g. nitrifiers, green algae) find all the chemical 
resources they require for growth. Most of these are eaten by microaerobic protozoa, but many 
protozoa have gone a stage further by incorporating these microorganisms into their cytoplasm 
as symbionts. The most obvious examples include the ciliates which harbour photosynthetic 
green algae (see Berninger et al. 1986; Finlay et al. 1987a). At the metalimnion of biologically-
productive ponds, more than 90% of the ciliates may have these symbionts, and these consortia 
are capable of net photosynthesis (Finlay et al. 1996c). Chlorella, it has to be said, is 
particularly well-adapted for living at low light levels, and the ciliate ensures it is kept at a 
depth where it also benefits from the upwards diffusion of CO2 (see Plate 4, p. 108). The ciliate, 
in turn, receives maltose excreted by the symbionts (see Finlay 1990). 
Figure 4. Two examples of weight-specific respiration rate as a function of the ambient O2 tension in 
organisms of contrasting size. The specific rate is about 100 times higher in the ciliated protozoon, while 
the O2 tension it requires for maximum respiration rate is about one order of magnitude lower than that 
required by the prawn. (Adapted from Fenchel & Finlay 1995). 
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Symbiotic consortia incorporating protozoa and chemolithotrophic bacteria are also known, 
although only (so far as is known) for the mouthless ciliate Kentrophoros which lives in sandy 
marine/brackishwater sediments (Fenchel & Finlay 1989). There can be no doubt that new types 
of symbiosis involving autotrophic microorganisms are waiting to be discovered in fresh waters. 
Living without oxygen 
It is likely that the extraordinary abundance of microaerobic protozoa, together with the 
proximity of their preferred habitat to the anoxic zone, facilitated their migration into and 
diversification within anoxic habitats. It was long known that some protozoa could live for 
extended periods in the complete absence of oxygen (e.g. Lauterborn 1916), but only in recent 
years have these attracted the attention of ecologists. There are now many established examples 
of free-living anaerobic protozoa (see Esteban et al. 1993, 1995; Fenchel & Finlay 1991, 1995). 
Many have been cultured and a great deal is known about their physiological ecology (see 
Finlay & Fenchel 1993; Fenchel & Finlay 1995). Anaerobic ciliates feed mainly on bacteria 
and, like their aerobic relatives, they thrive wherever organic decomposition is enhanced and 
bacterial numbers are high. 
It is now apparent that a variety of types of microaerobic ciliated protozoa have evolved into 
anaerobes and this has happened independently on a number of occasions (see Embley et al. 
1995; Fenchel & Finlay 1995). A diverse and distinctive ciliate fauna, for which oxygen is toxic 
(Fenchel & Finlay 1990a), now lives permanently in anoxia, in the deep water and sediment of 
lakes. Most, if not all, depend on H2-evolving fermentative metabolism. Like their aerobic 
ancestors, they consume bacteria and other small organisms; but unlike the aerobes, they live 
virtually untouched by predation from metazoans (Guhl et al. 1994). They are the only 
phagotrophic organisms living permanently in the absence of O2, so food chains in anoxic 
environments are typically short, usually with only one phagotrophic level (Fenchel & Finlay 
1990b). 
Their H2-evolving fermentation is particularly interesting because it has spawned a variety of 
symbioses with prokaryotes, most of which had lain undiscovered until only a few years ago 
(Plate 4, see p. 108). Hydrogen gas is a scarce resource in anoxic environments because it is 
efficiently consumed by methanogens, sulphate reducers and anaerobic photosynthetic bacteria. 
Recently, all three groups have been discovered living in stable symbiotic consortia with 
anaerobic free-living protozoa, and representatives of all types have been cultivated in the 
laboratory. In some cases the symbionts probably contribute to the energy efficiency of the host 
by removing (potentially inhibitory) H2. Much of the recent work on free-living anaerobic 
protozoa is reviewed by Fenchel & Finlay (1995). The methanogenic symbionts have received 
most attention and some have been sequenced (rDNA). It has been discovered that congeneric 
anaerobic ciliates often have unrelated endosymbiotic methanogens. The latter appear to have 
been acquired from all the major lineages of methanogens and to have further evolved within 
the host ciliate. None of the sequenced methanogenic symbionts has been shown to be identical 
to any known free-living methanogen (see Embley & Finlay 1994). 
Diversity 
Protozoa are an integral part of aquatic microbial food webs, so the current debate about the 
nature and role of microbial diversity in the natural environment must be expanded to 
incorporate protozoa. In some ways it is relatively easy to study the species diversity of 
protozoa. Unlike most other micro-organisms, they display a rich morphological variety; and 
because they display an especially close link between form and function (e.g. the size and shape 
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of the mouth dictates the type of food particle the protozoon can eat), a morphospecies concept 
is both feasible and practicable (Plates 5 and 6 on pp. 110-111; and Finlay et al. 1996a). We 
cannot yet say very much of substance with respect to the more profound questions (e.g. what 
role does microbial diversity play with respect to ecosystem function?) but there are good 
reasons for now believing that species diversity within the protozoa (and possibly within 
microorganisms in general) is not as overwhelming as once imagined. Indeed, it may have quite 
manageable proportions. 
The essential argument (Fenchel 1993) is as follows. Small organisms such as protozoa have 
very large population sizes. This has three important consequences: (1) the sheer weight of 
numbers means that dispersal over large geographical areas is efficient (many species are even 
cosmopolitan), (2) a species is unlikely to become extinct, either locally or globally (so 
endemism is rare), and (3) allopatric speciation is rare. "Conversely, larger organisms with a 
lower migration rate and a higher rate of local extinction, frequently form endemic populations, 
and allopatric speciation is a frequent event . . . on a global scale there are more large than 
small species (Fenchel 1993). Population sizes of protozoa are obviously extremely large. A 
1 cm2 column of pond water extending down to the sediment surface may contain many active 
(i.e. not encysted) protozoan species - possibly up to 100 - but the number of organisms 
involved would be even more impressive, probably at least 106. Another 1 cm2 column, taken 
in a different part of the pond, may contain a few more species, and an additional one million 
organisms. The number of active protozoan species in an entire small pond of, say, one hectare 
in area, may rise slightly, but the number of individuals will have risen to 1014, and even 
the rarest species will not be seriously threatened with extinction (see also Finlay et al. 1996b). 
It is intuitively obvious that dispersal rates must be high when we consider the ease with 
which protozoa migrate through watercourses, the large number of protozoa that form 
desiccation-resistant cysts (which may remain viable for many years; see Noland & Gojdics 
1967), and of course the boundless capacity of high winds and ducks' feet to transport protozoa 
over relatively large distances. The ease with which protozoa colonise new habitats becomes 
apparent when we find anaerobic ciliates in the anoxic centres of relatively recent municipal 
landfills (Finlay & Fenchel 1991). Protozoa are relatively tolerant of wide variations in 
physicochemical factors (e.g. temperature, pH and salinity; Finlay 1990; V0rs 1992) and this 
must improve the chances of dispersal being followed by successful colonisation. 
The low frequency of endemism in protozoa is supported by many studies, and the consensus 
belief is that most species are cosmopolitan. With few exceptions, the species found in Northern 
Europe are also found in tropical Africa (Dragesco & Dragesco-Kernéis 1986) and it likely that 
they are also in the Antarctic (e.g. Smith 1978). Furthermore, low speciation rates mean that the 
global number of species must be relatively small. There is some evidence to support this. First, 
competent taxonomists do not find it easy to discover new species. Table 2 contains data from 
some recent investigations of complete ciliate communities. Typically, about 10% of the ciliate 
species found are considered "new" species. Where this figure is significantly higher, there is 
usually an explanation - as with the high figure of 50% obtained from the first exploratory 
investigation of an uncommon type of habitat, a Spanish solution lake with very unusual water 
chemistry (Finlay et al. 1991). Secondly, when we look at all ciliate species described since 
1758, the number is actually quite modest (Fig. 5). The number does seem to continue 
increasing ever upwards but this may be due to recent developments in microscopy and, more 
important, to an accumulation of crowded genera in serious need of taxonomic revision. Taking 
account of the likely impact of future taxonomic revisions, the global number of ciliate species 
falls to around 3000 (Finlay et al. 1996a). 
Finally, there is evidence for low species turnover, in the level of genetic divergence 
discovered in ciliates. The Tetrahymena pyriformis species complex is currently understood to 
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Figure 5. Cumulative distribution of the number of new species of free-living ciliated protozoa described 
in the literature from 1758 until the end of 1993. Periods of rapid increase are usually associated with the 
efforts of a few particularly prolific taxonomists (e.g. Alfred Kahl in the 1930s). (Adapted from Finlay et 
al. 1996a). 
Table 2. Selected examples of recent systematic studies of the diversity of free-living protozoa. 
(a) Includes species that could not be described properly, e.g. because of a lack of sufficient material; 
it is unlikely that all would be "new" species. 
(b) The authors give a figure of 30% for the region of Benin which, they believe, indicates greater endemism in this area. 
Figure 6. Genetic isolation (incapable of interbreeding) and genetic (ribosomal RNA) divergence in 
protozoa. All the Tetrahymena species shown are virtually indistinguishable on morphological grounds. 
As a group they show considerable genetic divergence. Genetically isolated "species" may be genetically 
(i.e. ribosomally) identical - see the group of eight species listed at the bottom right - or genetically 
divergent (T. paravorax "looks like" other Tetrahymena species, but is genetically distant and incapable 
of mating with other species). (Based on Nanney et al. 1989). 
consist of 16 sibling species (Dini & Nyberg 1993). Four of these are incapable of sexual 
reproduction. The remainder behave like typical biological species (a closed reproductive 
community sharing a common gene pool). If we focus on two of these, say syngen (= species) 2 
and syngen 16 (Fig. 6) we see that they are separated by a considerable genetic distance. 
Indeed, if we look at the T. pyriformis complex as a whole, the mutual genetic distance is 
impressively large, and similar in scale to that of all of the mammals. The most likely 
interpretation is that these Tetrahymena species are very old, with a low rate of turnover, and 
the genetic divergence we see (when measured as sequence divergence in rRNA) represents 
nothing more than the accumulation of selectively neutral mutations over geological time. 
It looks as if the number of extant species of protozoa may not be unmanageably large, their 
rate of speciation is low, and most have cosmopolitan distributions. This will undoubtedly make 
it easier to carry out further tasks, e.g. discovering the role of protozoan diversity in the natural 
environment. 
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Ciliate consortia in an oxygen gradient 
Plate 4. Some common symbiotic consortia involving ciliated protozoa, and their "preferred" location in a natural oxygen gradient. 
From top left to bottom right: oligotrich ciliate containing functional sequestered chloroplasts; ciliate with endosymbiotic, 
photosynthetic green algae (zoochlorellae); mouthless ciliate (Kentrophoros) with ectosymbiotic sulphide-oxidising bacteria; 
endosymbiotic non-sulphur purple photosynthetic bacteria, capable of oxidative phosphorylation in the dark, and anoxygenic 
photosynthesis in the light (far right). Bottom left: a typical anaerobic ciliate, producing H2 which is used by endosymbiotic 
methanogens and by ectosymbiotic sulphate reducers. (See Finlay, pp. 113-125). 
Plate 5. Some examples of ciliates identified to (morpho) species level using silver-carbonate 
impregnation of the infraciliature. Each cilium is rooted in a basal body. When the basal bodies are 
stained, they appear in photographs as black dots. The patterns they produce are species-specific. 
a, Prorodon viridis, apical view showing the circular mouth (arrow head) and the short rows of 
basal bodies which form the "dorsal brush"; b, lateral view of the same organism (with arrows 
pointing to the mouth (centre) and the dorsal brush (top)); c, Calyptotricha lanuginosa, lateral view 
showing the pattern of basal bodies (arrow) which support the cilia in the membranelles of the 
mouth; d, ventral view of the same cell, showing the large oral area (arrow); e, Cyclidium 
glaucoma - a very common ciliate - showing the replication of the mouth structures immediately 
prior to cell division; f, Cinetochilium margaritaceum (with an arrow pointing to the relatively 
small oral area). All vertical scale bars represent 20 μm. All photographs by courtesy of Dr G. F. 
Esteban (IFE). (See Finlay, pp. 113-125). 
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Plate 6. Identification of two chrysomonad flagellates which superficially resemble each other. Specimens 
were prepared by shadow-casting with gold, and observed with a transmission electron microscope. The 
two organisms are indistinguishable apart from the different (species-specific) scale types (arrows) 
covering the cell body. Left: Paraphysomonas butcheri. Right: Paraphysomonas foraminifera. Scale bars 
represent 1 μm. Micrographs by courtesy of K. J. Clarke (IFE). (See Finlay, pp. 113-125). 
